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ABSTRACT
Blue light affects many aspects of plant growth and develop-
ment throughout the plant lifecycle. Plant cryptochromes
(CRYs) are UV-A/blue light photoreceptors that play pivotal
roles in regulating blue light-mediated physiological
responses via the regulated expression of more than one
thousand genes. Photoactivated CRYs regulate transcription
via two distinct mechanisms: indirect promotion of the activ-
ity of transcription factors by inactivation of the COP1/SPA
E3 ligase complex or direct activation or inactivation of at
least two sets of basic helix–loop–helix transcription factor
families by physical interaction. Hence, CRYs govern intri-
cate mechanisms that modulate activities of transcription fac-
tors to regulate multiple aspects of blue light-responsive
photomorphogenesis. Here, we review recent progress in dis-
secting the pathways of CRY signaling and discuss accumu-
lating evidence that shows how CRYs regulate broad
physiological responses to blue light.
INTRODUCTION
The photolyase/cryptochrome (CRY) superfamily is a class of
evolutionarily related ﬂavoproteins that share sequence similarity
with DNA photolyase (1–4). The CRY/photolyase superfamily
consists of ﬁve major subgroups, including cyclobutane pyrim-
idine photolyase, 6-4 photolyase, CRY-DASH, plant CRY and
animal CRY. Photolyase and CRY have distinct biochemical and
physiological functions. Photolyases catalyze a blue/UV-A light-
dependent DNA repair reaction. On the other hand, plant and
animal CRYs have lost their DNA repair activity (5–7) and
instead acquired regulatory functions during their evolution,
although CRY-DASH seems to play a role in the repair
of cyclobutane pyrimidine dimmers. CRYs regulate blue
light-dependent photomorphogenic growth and developmental
processes in plants as well as the circadian clock and magnetore-
ception in animals (1,2,8,9). Since the ﬁrst discovery of CRY1
in Arabidopsis in 1993 (1), great progress has been made in
understanding the function of CRYs in plants and animals.
Speciﬁcally, recent works have identiﬁed CRYs as more versatile
photoreceptors in plants than initially proposed (10). Moreover,
CRYs were also found to govern at least three mechanistically
independent pathways to regulate gene expression under blue
light (11–13). This article focuses on the function and molecular
mechanism of CRYs in regulating plant growth and develop-
ment. Other articles in this special issue describe photolyase and
the function of CRYs in animals.
DISCOVERY OF CRY AND ITS
PHOTOCHEMICAL PROPERTY
Since Charles Darwin ﬁrst documented blue light-induced pho-
totropism in 1880 (14), a diverse array of blue light responses
has been reported in plants. Currently, plants are known to pos-
sess ﬂavoprotein photoreceptors, including CRYs, phototropins
and FLAVIN-BINDING KELCH REPEAT F-BOX 1/LOV
KELCH PROTEIN 2 (LKP2)/ZEITLUPE (ZTL) proteins, to reg-
ulate blue light responses (15). Prior to the discovery of these
photoreceptors, the blue light photoreceptors containing UV-A/
blue light-absorbing chromophores, such as ﬂavin, pterin and
carotenoids, had been recognized (16). Blue light responses exhi-
bit unique action spectra with two peaks, one in the near-UV
region and the other in the blue region of the spectrum. How-
ever, these blue light photoreceptors long remained unidentiﬁed,
likely due to the relatively low abundance of these photorecep-
tors, the lack of an appropriate biochemical assay system for
these photoreceptors and contamination by blue light-absorbing
free pigments. The term “cryptochrome” was originally proposed
as a portmanteau for unidentiﬁed blue light receptors because
blue light responses were prevalent in cryptogamic plants, but
blue light receptors remained cryptic (17).
Since the 1980s, molecular genetic techniques relying on the
model species Arabidopsis thaliana (Arabidopsis) have success-
fully provided great beneﬁts to the ﬁeld of plant photobiology.
For example, the inhibition of hypocotyl elongation under light
had been assumed to be controlled by three types of photorecep-
tors, including blue light receptors, UV-B receptors, red/far-red
light-absorbing phytochromes, and screening to identify these
photoreceptors on the basis of this phenotype is simple and
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sophisticated (18–20). In 1980, several Arabidopsis mutants that
exhibit long hypocotyls under white light were identiﬁed (18).
Notably, one of these mutants, the hy4 mutant, features a long
hypocotyl speciﬁcally in blue light but not in other wavelengths
of light, suggesting that this mutant harbors lesions in the blue
light photoreceptor or its downstream signaling intermediates
(18). Cashmore’s group isolated the HY4 gene (later renamed
CRY1) in 1993 (1); the protein encoded by HY4 was labeled as
“cryptochrome” because it shares signiﬁcant homology with
DNA photolyases, suggesting that HY4 is a possible blue light
photoreceptor that mediates the inhibition of hypocotyl elonga-
tion under blue light in Arabidopsis. Intriguingly, DNA pho-
tolyase was suspected to be a “cryptochrome” before the HY4
gene was isolated (16,21). On the other hand, it is ironic that a
different term, phototropin, was assigned to the blue light pho-
toreceptor responsible for phototropism (22) despite the fact that
phototropism was the most prominent blue light response identi-
ﬁed for a “cryptochrome” at that time.
Cashmore’s group and Sancar’s group demonstrated that Ara-
bidopsis CRY1 protein puriﬁed from insect cells or Escherichia
coli cells stoichiometrically binds to ﬂavin adenine dinucleotide
(FAD), which primarily absorbs the blue/UV-A region of light
via a noncovalent bond (5,6). In addition, Arabidopsis CRY1
expressed in E. coli cells was found to bind to 5,10-methenylte-
trahydrofolate (6). These results suggest that, like photolyase,
CRY1 possesses FAD as a primary chromophore and pterin as a
secondary chromophore. Interestingly, CRY1 did not exhibit
photolyase activity (5,6). Later, CRY-like sequences were identi-
ﬁed not only in plants but also in animals, including humans,
mice, ﬂies and bacteria (3). Furthermore, Sancar’s group demon-
strated that human CRY1 and CRY2, similar to Arabidopsis
CRY1, did not exhibit photolyase activity (7). Thus, this class of
proteins was proposed to form a new protein family named
CRY, although plant CRYs and animal CRYs seem to have
evolved independently from divergent photolyase ancestry, with
plant CRYs sharing greater sequence similarity with type I
microbial photolyases and animal CRYs being more similar to 6-
4 photolyases (3). Members of the CRY family of proteins pos-
sess an N-terminal photolyase homology region (PHR) domain
followed by a C-terminal extension (CCE) domain of varied
length (Fig. 1a). CRYs are conserved in all plant species whose
genome sequences have been identiﬁed. Speciﬁcally, the Ara-
bidopsis genome encodes two CRYs, CRY1 and CRY2 (23).
Spectroscopic analysis of Arabidopsis CRY1 and CRY2
derived from insect cells demonstrated that CRYs exhibit a pho-
tocycle between reduced FAD and oxidized FAD (5,6,24–28).
The recombinant CRYs prepared in the dark bind fully oxidized
FAD, which primarily absorbs blue light. Upon blue light expo-
sure, a semireduced neutral FAD radical (FADH*) is generated
within microseconds. FADH* is unstable and can be readily con-
verted back to the fully oxidized form in a few minutes in the
dark. The oxidized FAD, which absorbs blue light, is observed
in the resting state of CRYs and is consistent with the observa-
tions that all CRY-mediated responses are triggered by blue
light. Conversely, green light irradiation partially inhibits the
effect of blue light on CRY2 degradation, the CRY-mediated
inhibition of hypocotyl elongation and photoperiodic ﬂowering
(24–26). These effects were attributed to the shifting of the bal-
ance between oxidized FAD and FADH* toward reduced levels
of FADH*, which absorbs green light and consequently
decreases the amount of activated CRY. This relationship
suggests that CRYs contain FADH* in its active state. However,
green light irradiation did not inhibit blue light-mediated CRY2
degradation and the expression of the FLOWERING LOCUS T (FT)
gene, the ﬂoral inducer gene, in another experiment (27). Further-
more, mutations in Tri-Trp, which consists of three tryptophan
residues located close to FAD that act as electron donors during
the photocycle of FAD, completely disrupt photoreduction in vitro
but preserve the effects of blue light in plants (27,28). These results
suggest that the photocycle between oxidized FAD and FADH*
does not contribute to the photoperception of CRY in plant cells.
Moreover, the blocking of photocycle in the other members of the
current CRY/photolyase superfamily of proteins such as
Drosophila and monarch CRY, and E. coli photolyase does not
disrupt their physiological functions (9,29–34). Therefore, the
speciﬁc mechanism underlying CRY photo-excitation has not yet
been identiﬁed.
CRY STRUCTURE AND FUNCTION
Both Arabidopsis CRY1 and CRY2 exist as dimers in plant
cells, and the formation of these dimers is necessary for the func-
tion of CRY (35–37). The PHR domain, which contains chro-
mophores, is responsible for not only photoperception but also
dimer formation (35,37). The PHR domain is further divided into
the N-terminal a/b domain and the C-terminal FAD-binding a
domain, which are connected by a long interdomain loop. A
crystallographic analysis of the CRY1 PHR domain revealed that
similar to photolyases, the protein surface of the PHR domain is
predominantly negatively charged and that the a domain consists
of a chromophore pocket that harbors FAD in an unusual U-
shaped conformation (38). In addition, the PHR domain of
CRY1 binds to a nonhydrolysable ATP analog, adenylyl-
Figure 1. The domain structure of CRYs and CRY-interacting proteins.
(a) Schematic diagram showing domains in CRY1 and CRY2. MTHF, 5-
methyltetrahydrofolate; FAD, ﬂavin adenine dinucleotide; PHR, pho-
tolyase homology region domain; CCE, C-terminal extension domain;
NC80, 80 residues without C-terminal tail in CCE domain; CT, C-term-
inal tail. (b) Schematic of CRY-interacting proteins showing the func-
tional domains and CRY-binding sites. RING, RING ﬁnger domain; CC,
coiled-coil domain; WD40, WD40 repeat; kinase-related, protein kinase-
like domain; bHLH, basic helix–loop–helix domain, APB, active phy-
tochrome B binding motif. The gray lines at the bottom of each diagram
represent the CRY-binding regions. The binding domains of CRYs are
also shown underneath each gray line. The asterisk indicates that CRY2
binds PIF5 with a mutation in the APB motif.
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imidodiphosphate (AMP-PNP), near FAD (38). Unlike PHR
domains, which are highly conserved among plant CRYs, CCE
domains differ considerably in their length and sequence among
plant CRYs. For example, the CCE domains of Arabidopsis
CRY1 and CRY2 are 180 and 110 amino acid residues in length,
respectively (Fig. 1a). Although the CCE domain of CRY1
appears to be intrinsically unstructured (39), CCE domains play
an important role in the relay of CRY signaling to downstream
components (4). The overexpression of b-glucuronidase fused to
the CCE domain of either CRY1 (GUS-CCE1) or CRY2 (GUS-
CCE2) in Arabidopsis resulted in a strong constitutive photomor-
phogenic (cop)-like phenotype, and plants with this phenotype
exhibit a morphology that mimics that of wild-type plants grown
in light, even when grown in the dark (36,40,41). Therefore, the
CCE domains of CRY1 and CRY2 exert their functions irrespec-
tive of the light condition when they lack the PHR domain. This
observation suggested that PHR domains regulate the accessibil-
ity or conformation of CCE domains in response to blue light to
achieve photomorphogenic responses. Consistent with this
intramolecular photoactivation model of CRYs, the CRY1 CCE
domain is digested by proteases in a blue light-dependent manner
(39). In addition, transient grating spectroscopy revealed a large
decrease in the diffusion coefﬁcient in full-length CRY1 in
response to blue light, which is indicative of a conformational
change, but this decrease was not observed in truncated CRY1,
which lacks the CCE domain (42). These observations suggest
that blue light triggers dynamic conformational changes in CRYs
at the CCE domain to facilitate a CRY signaling relay (Fig. 2a).
Either CRY1 or CRY2 undergoes blue light-dependent phos-
phorylation (36,43,44), and the phosphorylation of CRYs closely
correlates with the intensity and duration of blue light exposure
(43–47). Furthermore, mutations that inhibit the function of
CRY1 reduce phosphorylation (44), and mutations of the 13 ser-
ine residues of CRY2, including blue light-dependently phospho-
rylated S598, S599 and S605, reduce the function of CRY2 (47).
Thus, the phosphorylation of CRYs is likely critical for their
function and regulation. Although GUS-CCE2 proteins are con-
stitutively phosphorylated, GUS fuses to an eighty-amino acid
fragment (NC80) that consists of a CCE domain lacking the
C-terminal small region (C-terminal tail) (Fig. 1a) exhibited con-
stitutive biological activity without phosphorylation (36). This
ﬁnding suggested that the CCE domain does not require phos-
phorylation to mediate the function of CRY2 when it lacks a
PHR domain. Importantly, the protein surface of the CRY1 PHR
domain is primarily negatively charged (38). Thus, the phospho-
rylated CCE domain, which becomes negatively charged by the
attachment of phosphate groups, is proposed to electrostatically
repulse the PHR domain to form an open conformation in blue
light. Intriguingly, all three serine residues, which are recognized
as blue light-dependent phosphorylation sites, are mapped on the
C-terminal tail (47). Therefore, the current model proposes that
blue light induces the phosphorylation of the C-terminal tail,
thereby triggering the derepression of NC80 from the PHR
domain to transduce the signal to the downstream component of
the CRY signaling relay (Fig. 2a).
Recombinant CRY1 protein puriﬁed from insect cells was
phosphorylated in the absence of any kinase in response to blue
light in vitro (44,48,49). Whereas CRYs are not similar to the
kinase domain, CRY1 stoichiometrically binds to ATP (48,49).
In addition, the crystal structure of the PHR domain of CRY1
included AMP-PNP (38). These results suggest that CRY1 is
intrinsically competent to catalyze autophosphorylation. CRY2
does not show any detectable autophosphorylation activity (49),
but another mechanism has been found to be involved in CRY2
phosphorylation. Speciﬁcally, casein kinase 1, CK1.3 and
CK1.4, directly binds and phosphorylates CRY2 at Ser-587 and
Thr-603 in vitro (46). The loss-of-function and gain-of-function
Figure 2. Hypothetical models depicting a blue light-induced CRY con-
formational change and CRY signal transduction mechanisms in Ara-
bidopsis. (a) CRYs consist of two domains, the PHR domain and the
CCE domain, and they form homodimers via the PHR domains. In the
dark, CRYs have a closed conformation. Upon blue light activation,
CRYs undergo conformational changes, mostly in CCE domains, to
transduce signals to downstream components. Blue light-induced phos-
phorylation at multiple sites of the C-terminal tail in the CCE domain
generates negative charges () at these sites, resulting in the electrostatic
repulsion of the NC80 domain from the PHR domain, which induces a
CRY signaling relay to the downstream components. (b, c) Models
depicting how CRY1 and CRY2 regulate the E3 ubiquitin ligase activity
of the COP1/SPA complex. In the dark, COP1 and SPA constitute an
active complex that promotes the degradation of transcription factors,
such as HY5 and CO, which are positive regulators of de-etiolation and
ﬂowering, respectively. In blue light, photoactivated CRY1 binds to SPA
and dissociates COP1 from SPA1 on the CCE domain. This active
CRY1-mediated dissociation inactivates the COP1/SPA complex, and
therefore, HY5 accumulates to promote de-etiolation. Unlike CRY1, the
blue light-induced interaction between CRY2 and SPA via the PHR
domain does not dissociate the COP1/SPA complex but enhances the
interaction between CRY2 and COP1. This enhanced connection between
CRY2 and COP1 may inactivate the COP1/SPA complex to promote CO
accumulation and subsequent FT expression and ﬂowering. (d, e) Model
depicting how CRYs regulate the activity of bHLH transcription factors.
Blue light-activated CRY2 binds to CIBs via the PHR domain to posi-
tively regulate the activity of CIBs, leading to FT expression and subse-
quent ﬂowering. Photoactivated CRY1 and CRY2 bind to PIFs to
inactivate them. The CRY2 PHR domain interacts with PIF5, but the
PIF-binding domain of CRY1 has not been mapped yet. The exact mech-
anism by which CRY binds to CIBs or PIFs to regulate their transcrip-
tional activity remains unknown. CCE, cryptochrome C-terminal
extension; CIB, CRY-interacting basic helix–loop–helix; CO, CON-
STANS; COP1, CONSTITUTIVE PHOTOMORPHOGENIC 1; CT, C-
terminal tail; FT, FLOWERING LOCUS T; HY5, LONG HYPOCOTYL
5; NC80, 80 residues without C-terminal tail in CCE domain; PHR, pho-
tolyase-homologous region; PIF, PHYTOCHROME-INTERACTING
FACTOR; SPA, SUPPRESSOR OF PHYA-105.
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lines of either CK1.3 or CK1.4 showed aberrant CRY2-mediated
responses, suggesting that CK1.3 and CK1.4 play a role in
CRY2 signal transduction. However, mutations of either CK1.3
or CK1.4 did not signiﬁcantly affect CRY2 phosphorylation in
plant cells. Therefore, other kinases need to be identiﬁed to fully
understand the phosphorylation process of CRY2.
CRY1 and CRY2 act differently in some ways. For example,
CRY2 protein is rapidly degraded by the 26S proteasome system
in response to blue light (23,43,45,50–52), whereas CRY1 is
stable. CRY2 degradation is mediated in part by phytochrome A
(phyA), a major molecular species of phytochrome, and SPA1
(suppressor of PhyA-105), which comprises the E3 ligase com-
plex together with COP1 (constitutive photomorphogenic 1) (52).
Due to its rapid degradation under blue light, CRY2 favors the
weaker range of blue light intensity to exert its function (23).
CRY1 and CRY2 also differ in subcellular localization. Speciﬁ-
cally, CRY1 localizes equally to the nucleus and cytoplasm
(53,54), but CRY1 in the nucleus regulates all CRY1-mediated
responses except for CRY1-mediated cotyledon expansion and
root elongation (54). Conversely, CRY2 localizes primarily to
the nucleus (36,55). In addition, CRY2 forms the nuclear bodies
called as photobodies, in the nucleus in response to blue light
(51,56,57). Because photobody formation closely correlates with
CRY2 function and degradation (51,55), photobodies have been
proposed as sites for CRY2 signal transduction and/or CRY2
degradation. However, little is known regarding the mechanism
of CRY2 photobody formation. Notably, CRY2 can also form
photobodies in human cells (57), suggesting that CRY2 photo-
body formation requires CRY2 itself and cellular components
that are common among plants and animals.
CRY-BINDING PROTEINS AND THE SIGNAL
TRANSDUCTION MECHANISM OF CRY
CRYs mediate blue light-induced physiological responses primar-
ily by transcriptionally regulating a large number of genes
(11,12). For example, CRY1 and CRY2 regulate the transcription
of 5–25% of genes in the Arabidopsis genome in response to
blue light during seedling development (58–61). The blue light-
dependent binding of CRYs to the COP1/SPA complex (11,12)
and CRYPTOCHROME-INTERACTING BASIC HELIX–
LOOP–HELIX (CIB) proteins (62) was shown to indirectly and
directly regulate the transcription of the respective genes.
Recently, CRYs have been shown to interact with PHYTO-
CHROME-INTERACTING FACTOR (PIF) proteins in a blue
light-dependent manner (63,64). Besides these CRY signaling
pathways, CRYs are also known to bind to photoreceptors such
as phytochromes and ZTL (56,65,66). In addition, we recently
identiﬁed BLUE-LIGHT INHIBITOR OF CRYPTOCHROMES
1 (BIC1) that interacts with CRYs to modify CRY functions
(67). Here, the nature of these interactions and their potential rel-
evance to CRY signal transduction are described in more detail.
COP1/SPA Pathway
COP1 and SPA proteins (SPA1-SPA4 in Arabidopsis) comprise
the E3 ubiquitin ligase complex (68). Accordingly, both the cop1
mutant and higher-order combinations of spa1, spa2, spa3 and
spa4 mutants displayed strong cop-like phenotypes (69,70), indi-
cating that the COP1 and SPA proteins negatively regulate pho-
tomorphogenesis. COP1 consists of an N-terminal RING ﬁnger
domain, a coiled-coil domain and a C-terminal WD40 repeat
(Fig. 1b). SPA proteins also possess a central coiled-coil domain
and a C-terminal WD40 repeat, but they contain a protein
kinase-like domain in the N-terminal region instead of a RING
ﬁnger domain (Fig. 1b). COP1 and SPA proteins interact with
each other via their central coiled-coil domains to form a com-
plex (71), and the C-terminal WD40 repeat of COP1 recognizes
several substrates, such as elongated hypocotyl 5 (HY5) (72, 73)
and other transcription factors (68). HY5 is a bZIP transcription
factor that promotes photomorphogenesis (74). The COP1/SPA
complex recognizes and ubiquitinates HY5 protein in the dark,
thereby degrading it via the 26S proteasome. Upon light expo-
sure, CRYs and other photoreceptors inactivate the COP1/SPA
complex, and HY5 protein consequently accumulates in the
nucleus to induce photomorphogenesis (73).
Consistent with the cop-like phenotype observed in plants
overexpressing GUS-CCE1 or GUS-CCE2, the CCE domains of
CRY1 and CRY2 bind to COP1 (Fig. 1b) (36,40,41,75). The
interaction between CCE domains and COP1 does not depend
on blue light (41,75), but CRY1 binds to SPA1 and other SPA
proteins in a blue light-dependent manner (76,77). In addition,
the binding of the CRY1 CCE domain to the WD40 domain of
SPA1 sequesters SPA1 from COP1 on the CRY1 CCE domain
(Fig. 2b). Moreover, a tight connection between COP1 and
SPA1 is reportedly required for COP1 to exert its E3 ligase
activity, and the strong interaction between COP1 and SPA1 is
weakened by light exposure (78,79). These observations led to
the hypothesis that blue light-dependent CRY1 binding to SPA1
reduces COP1-SPA1 binding, which inactivates COP1, resulting
in HY5 accumulation and the consequent transcriptional regula-
tion of a number of genes (Fig. 2b).
Although CRY2 also binds to SPA in a blue light-dependent
manner, it regulates COP1/SPA activity in a different manner
(80). First, unlike CRY1, CRY2 binds to the N-terminal region
of SPA1, including the kinase-like domain, via the PHR domain
(Fig. 1b). In addition, the CRY2-SPA1 interaction did not affect
the COP1-SPA1 interaction, but it strengthened the CRY2-COP1
interaction. Although the mechanism underlying this strengthen-
ing remains unknown, this interaction may reduce the E3 ligase
activity of COP1 and thereby lead to the accumulation of CON-
STANS (CO), a B-box-type zinc ﬁnger transcription factor that
binds to the promoter of FT and promotes its expression to
accelerate ﬂowering (Fig. 2c).
CIB Pathway
Unlike CRY1, CRY2 binds not only to COP1/SPA and PIFs but
also to CIBs in a blue light-dependent manner to promote pho-
toperiodic ﬂowering (62). Five (CIB1–CIB5 in Arabidopsis) of
the 18 members of the bHLH transcription factor subfamily 18
have been shown to bind to CRY2 (62,81). Of these transcrip-
tion factors, CIB1 was ﬁrst identiﬁed as a CRY2-binding protein
by yeast two-hybrid screening (62). The PHR domain of CRY2
binds to the N-terminal half of CIB1, which lacks the bHLH
domain (Fig. 1b). The overexpression of all CRY2-binding CIBs
except for CIB3 resulted in CRY2-dependent early ﬂowering
under long day (LD) conditions (81). Conversely, cib1cib5 and
cib1cib2cib5 resulted in a late-ﬂowering phenotype under LD
conditions, whereas the ﬂowering time of each single mutants
was indistinguishable from that of the wild type, indicating the
redundant role of CIB proteins in the promotion of photoperiodic
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ﬂowering. CIB1 forms not only homodimers but also heterodi-
mers with CIB2, CIB4 and CIB5, which bind to the noncanoni-
cal E-box found on the FT promoter with high afﬁnity to
promote FT expression.
Blue light stabilizes CIB1 protein, but other blue light recep-
tors, ZTL and LKP2, regulate blue light-mediated CIB1 stabiliza-
tion, suggesting the importance of the proper regulation of CIB1
activity, which is mediated by two different types of blue light
receptors (82). Although the CRY2-CIB interaction promotes the
activity of CIBs, the exact mechanism underlying CIB activation
by CRY2 remains unknown (Fig. 2d).
PIF Pathway
PIFs were identiﬁed as proteins that bind to phytochrome in an
active phytochrome conformer-speciﬁc manner (83). PIFs are also
a subset of the bHLH superfamily of transcription factors, but
unlike CIBs, they belong to bHLH subfamily 15. To date, PIF1,
PIF3, PIF4, PIF5, PIF6, PIF7 and PIF8 have been shown to bind
to photoactivated phyB (83), and in addition to the bHLH domain,
these PIFs all contain an active phytochrome B binding (APB)
motif at the N-terminus, which is necessary and sufﬁcient for phyB
binding (Fig. 1b) (84). In addition, PIF1 and PIF3 have been
shown to bind to phyA. Upon red light exposure, PIF1, PIF3, PIF4
and PIF5 are phosphorylated and degraded rapidly by the direct
binding of phytochrome (85–90). However, phosphorylated PIF7
is stable in red light (91). Furthermore, the pif1pif3pif4pif5 (pifQ)
mutant exhibited a weak cop-like phenotype (92,93), suggesting
that phytochromes remove the PIF-imposed repression of photo-
morphogenesis by rapidly degrading PIF1, PIF3, PIF4 and PIF5 to
trigger photomorphogenesis. PIF family member proteins have
partly overlapping and distinct functions to regulate the diverse
array of phytochrome-mediated physiological responses (83).
Recently, Ma et al. (2016) and Pedmale et al. (2016) demon-
strated that CRY1 and CRY2 bind to PIF4 and PIF5 in the pres-
ence of light (63,64). Additionally, CRY1 also binds to PIF3
(63). The PHR domain of CRY2 binds to the N-terminal half of
PIF5 (Fig. 1b), independently of the APB motif (64), which sug-
gests that CRY2 and phyB recognize the distinct structure of the
PIF molecule. These interactions between CRYs and PIFs result
in the regulation of low blue light (LBL)-induced shade avoid-
ance response (SAR) and warm temperature-induced cell growth.
Unlike the CRY2-CIB interaction, the CRYs-PIF4/5 interaction
is proposed to inhibit PIF4/5 activity (Fig. 2e). However, the
exact mechanisms underlying CRY-mediated transcriptional inac-
tivation of PIF4/5 are currently unknown.
PIF1 and PIF3 have been shown to rapidly degrade under
blue light (94,95). However, blue light-activated phytochromes
mediate the rapid degradation of PIF1 and PIF3. This ﬁnding is
expected because phytochromes absorb not only red/far-red light
but also blue light, albeit weakly. Conversely, blue light-induced,
phytochrome-mediated PIF1 degradation was accelerated in a
cry1cry2 double mutant (94), but CRYs have not been shown to
directly bind to PIF1. However, CRYs bind to PIF3, PIF4 and
PIF5 (63,64). Therefore, CRY1 and/or CRY2 may directly antag-
onize phytochrome-induced PIF1 degradation. Alternatively,
CRY1 and CRY2 may function indirectly, likely via COP1/SPA
activity, because COP1 affects the degradation of PIF3 and likely
other PIFs (86). Thus, the mechanisms by which CRYs regulate
the stability of PIFs need to be carefully investigated in the
future.
HY5 has been shown to physically bind to at least PIF1 and
PIF3 to form an antagonizing module (96,97). LONG HYPOCO-
TYL IN FAR-RED1 (HFR1), a COP1 substrate transcription fac-
tor, binds to PIF4 and PIF5 to form nonfunctional heterodimers
(98,99). Therefore, the COP1/SPA complex degrades the nega-
tive regulators of PIFs. Moreover, HY5 promotes the expression
of PIF4 (100,101), and COP1 indirectly regulates the accumula-
tion of PIF3 (86) and possibly other PIFs. Conversely, PIF1
enhances the E3 ligase activity of COP1 in the dark (102).
Therefore, the COP1/SPA pathway and PIF pathway seem to
interact in a complex manner downstream of the CRY signal
transduction chain.
Photoreceptors
CRY1 and CRY2 physically interact with phyA and phy-
tochrome B (phyB), another major molecular species of phy-
tochrome, respectively (56,65). However, an Arabidopsis mutant
lacking all ﬁve phytochrome species exhibited blue light-induced
photomorphogenesis (103), suggesting that the CRY-PHY inter-
action only modiﬁes rather than determines the CRY signaling
relay to the downstream components in the regulation of photo-
morphogenesis. Indeed, in vitro CRY1 phosphorylation cat-
alyzed by phyA does not noticeably affect CRY1
phosphorylation in plant (44,65) because CRY1 phosphorylation
occurs normally in the phyA mutant and other phytochrome-deﬁ-
cient mutants. In addition to directly binding photoreceptors,
CRYs and phytochromes also impinge on the COP1/SPA com-
plex (76,77,80,104,105) and PIFs (63,64,83) to regulate photo-
morphogenesis. The binding of CRYs to the COP1/SPA
complex or PIFs does not require phytochromes and vice versa.
However, whether the CRY-PHY interaction modiﬁes the afﬁn-
ity of CRYs to the COP1/SPA complex or PIFs and whether
the afﬁnity of CRYs for these common intermediates modiﬁes
phytochrome binding are currently unknown. Nonetheless, these
interactions are expected to provide clues to the molecular basis
of the cross talk between CRYs and phytochromes observed in
a number of physiological responses, such as the inhibition of
hypocotyl elongation, anthocyanin accumulation, photoperiodic
ﬂowering (106–108). In contrast, phyA has been shown to pre-
dominantly degrade SPA2 protein to inactivate the COP1/SPA2
complex under blue light (109), suggesting the selective path-
way that relies on common intermediates.
Moreover, other levels of photoreceptor signaling interaction
were highlighted by the discovery of the cell type-speciﬁc roles
of photoreceptors. Speciﬁcally, the effect of CRY2 on the regula-
tion of ﬂowering time depends on phyB (106). However, CRY2
promotes ﬂowering in vascular tissue (110), whereas phyB regu-
lates ﬂowering time in mesophyll cells (111), suggesting that
CRY2 and phyB interact downstream to regulate ﬂowering time.
Therefore, plants integrate photoreceptor-speciﬁc functions and
multilayered interactions between CRYs and phytochromes,
including direct interaction, signaling convergence on common
intermediates and intercellular signaling interactions, to respond
to ﬂuctuating light in nature.
CRY1 has been also shown to physically bind with ZTL in
yeast two-hybrid and in vitro pull-down assays (66). Although
both of CRY1 and ZTL have roles in the related physiological
responses such as the regulation of circadian clock and photope-
riodic ﬂowering, the biological signiﬁcance of the binding
between these photoreceptors remains unknown.
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BIC1
BIC1 was identiﬁed from a genetic screening of the gain-of-func-
tion Arabidopsis mutant pool (67). Three independent dominant
mutants (bic1D-1, bic1D-2 and bic1D-3) that exhibit the pheno-
types similar to that of cry1cry2 double mutant were obtained. In
these mutants, BIC1 gene, which encodes small protein com-
posed of 140 amino acids with no obvious functional motif, is
overexpressed. The overexpression of BIC2, a BIC1 homolog in
Arabidopsis, also results in blue light-speciﬁc long hypocotyl
phenotype. On the other hand, bic1bic2 mutant, but not bic1 and
bic2 mutants, exhibits CRY-dependent short hypocotyl pheno-
type under blue light, suggesting that BIC1 and BIC2 redun-
dantly act to regulate CRY signaling relay. Interestingly, BICs
bind with CRYs and negatively regulate CRY dimerization,
phosphorylation and CRY binding to SPA1 and CIB1, suggest-
ing that BICs negatively regulate the elementary process of CRY
signaling relay (67).
CRY-MEDIATED PHYSIOLOGICAL
RESPONSES
The identiﬁcation of null mutants that are deﬁcient in both CRYs
has successfully enabled researchers to elucidate the physiologi-
cal roles of CRYs in Arabidopsis. Although blue light-mediated
de-etiolation and photoperiodic ﬂowering have received the most
attention as CRY-mediated functions (1,10,112), CRYs have
been shown to regulate more divergent physiological responses,
such as stomata opening and development (113–115), the LBL-
induced SAR (64), the inhibition of warm temperature-induced
growth (63), the light entrainment of the circadian clock
(116,117), the temperature compensation of the circadian clock
(118), root development (119,120) and programmed cell death
(121). Of these responses, the LBL-induced SAR and inhibition
of warm temperature-induced cell growth have been recently
highlighted by the discovery of the interaction between CRYs
and PIFs (63,64). In addition, land plants other than Arabidopsis
exhibit CRY-mediated physiological responses that are also
observed in Arabidopsis as well as plant-speciﬁc responses (10).
The molecular mechanism underlying these CRY-mediated phys-
iological responses has been revealed to be more complex than
initially proposed because the PIF pathway was found to be a
third component of the CRY signal transduction mechanism. The
major CRY-mediated physiological responses for which molecu-
lar mechanisms have been elucidated are discussed below.
Blue Light-induced De-etiolation
Seeds often germinate in deep soil in nature. Postgerminative
seedlings, which germinate in the soil, vigorously elongate their
hypocotyls toward the surface of soil with a closed apical hook
and cotyledon to protect the apical meristem in the subterranean
darkness. When seedlings reach the surface, they stop hypocotyl
elongation and simultaneously open the apical hook and cotyle-
don; then, the cotyledons expand, and the chloroplasts develop.
This developmental transition in response to light is called de-
etiolation. In the de-etiolation process, reciprocal reactions occur
in the hypocotyl and cotyledon. Namely, cell growth is inhibited
in the hypocotyl but is promoted in the cotyledon.
As described above, the Arabidopsis cry1 mutant exhibits an
elongated hypocotyl under blue light but does not show a unique
phenotype under red and far-red light (1,18). CRY1 overexpres-
sion in Arabidopsis and tobacco increased the sensitivity to blue
light during the inhibition of hypocotyl elongation
(122,123).These observations indicate that CRY1 predominantly
regulates the blue light-induced inhibition of hypocotyl elonga-
tion. Conversely, CRY2 has exhibited only limited effects on the
de-etiolation process. Whereas a cry2 single mutant does not
show an apparent phenotype under high-ﬂuence blue light, the
cry1cry2 double mutant exhibits a longer hypocotyl than the
cry1 single mutant under this condition (106), suggesting that
CRY2 minimally affects the inhibition of hypocotyl elongation
under high-ﬂuence blue light. In contrast, the cry2 single mutant
exhibited an abnormal phenotype under low to moderate ranges
of blue light ﬂuence rate. This observation is consistent with the
instability of the CRY2 protein under blue light. CRY1 and
CRY2 have also been shown to exert partly overlapping func-
tions; speciﬁcally, CRY1 more signiﬁcantly contributes to other
de-etiolation phenotypes, such as cotyledon separation, cotyledon
expansion and chlorophyll accumulation (23,123). The hypocotyl
length of the phyA mutant is long, albeit much shorter than that
of the cry1 mutant under blue light, and the phyAphyB mutant
features a longer hypocotyl than the phyA mutant. Conversely,
the phyB mutant does not exhibit a long hypocotyl phenotype
under this condition (124), indicating that phyA and phyB, in
addition to CRYs, regulate the de-etiolation process under blue
light.
CRY1 and possibly CRY2 regulate HY5 abundance by inacti-
vating the COP1/SPA complex during CRY-mediated de-etiola-
tion (11,12,76,77). In addition, the nuclear-targeted CRY1 PHR
domain has been shown to induce the blue light-mediated inhibi-
tion of hypocotyl elongation without the accumulation of HY5
(125). Neither COP1 nor SPA binds to the CRY1 PHR domain.
These results suggest that the CRY1 PHR domain can trigger the
inhibition of hypocotyl elongation under blue light independently
of the COP1/SPA pathway. Nevertheless, the signaling partner
protein of the CRY1 PHR domain has not yet been identiﬁed.
CIBs are not involved in the CRY1 PHR domain-mediated inhi-
bition of hypocotyl elongation because neither loss-of-function
nor gain-of-function lines of CIBs exhibited a signiﬁcant effect
on de-etiolation (62,81). On the other hand, PIF3, PIF4 and
PIF5, which have been shown to bind to CRY1 and/or CRY2,
are known to regulate the de-etiolation process under the control
of phytochromes (83,92,93). In fact, the long hypocotyl pheno-
type of the cry1 mutant was repressed in pif4 and pifQ mutants
under blue light (63), indicating that PIF4 and other PIFs act
downstream of CRY1 during hypocotyl growth regulation. In
addition, the CRY2 PHR domain, whose sequence is highly sim-
ilar to that of the CRY1 PHR domain, but not the CCE domain,
binds to PIF4 and PIF5 (64), implying that the CRY1 PHR
domain may also bind to PIFs. Therefore, the CRY1 PHR
domain likely regulates the blue light-induced inhibition of hypo-
cotyl elongation by regulating PIF4 and other PIFs, but this regu-
lation should be experimentally addressed in future work.
The alleles of hfr1 mutants exhibited reduced de-etiolation
phenotypes under blue light (126), although they were initially
identiﬁed as long hypocotyl mutants under far-red light (127)
when phyA is exclusively active. A genetic analysis revealed that
phyA and hfr1 exert an additive effect, but cry1 is epistatic to
hfr1 in the hypocotyl phenotype under blue light. Furthermore,
more than 70% of blue light- and CRY1-mediated genes depend
on HFR1 (128). These observations indicate that HFR1 acts as a
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positive regulator of de-etiolation downstream of CRY1, but not
phyA, under blue light. Light induces the accumulation of HFR1
by inactivating COP1 (129,130), and HFR1 has been shown to
inactivate PIF4 and PIF5 by forming non-DNA-binding heterodi-
mers (98). Therefore, the CRY1-induced reversal of the COP1-
mediated degradation of HFR1 may indirectly inhibit the activity
of PIFs, at least in part, via nonfunctional HFR1-PIF heterodimer
formation.
Control of Photoperiodic Flowering
Light is one of the most important environmental cues to regu-
late the transition from the vegetative phase to the reproductive
phase, and the day length has an especially profound effect on
the determination of ﬂowering time. For example, Arabidopsis is
a LD plant because LD conditions favor ﬂowering over short
day (SD) conditions. Conversely, rice is an SD plant, which
ﬂowers in SD but not LD conditions. In Arabidopsis, CRY2 is a
major photoreceptor regulating the photoperiodic control of ﬂow-
ering time. Speciﬁcally, cry2 loss-of-function mutant alleles,
including fha-1 and fha-2, previously identiﬁed photoperiodic
pathway-related mutants and displayed signiﬁcantly late ﬂower-
ing, speciﬁcally under LD conditions (112), indicating that
CRY2 promotes ﬂowering under LD conditions. A quantitative
trait locus analysis identiﬁed early day-length insensitive (EDI)
as a naturally occurring cry2 allele that is insensitive to changes
in day length (131,132). EDI is a gain-of-function allele that is
attributed to the C367M mutation on CRY2. Unlike wild-type
CRY2, CRY2C367M is stable under SD conditions, resulting in a
day-neutral early-ﬂowering phenotype.
CRY1 also plays a role in the photoperiodic control of ﬂower-
ing time. The late-ﬂowering phenotype of the cry1 mutant allele
has been observed in some experiments (133,134) but not in
others (107,135,136). This discrepancy among experiments is
likely due to subtle differences in the conditions of each experi-
ment. For example, the cry1 mutant exhibited a robust late-ﬂow-
ering phenotype at 16°C but not at 23°C (136), indicating that
temperature affects the role of CRY1 in the photoperiod control
of ﬂowering time. The cry1cry2 double mutant ﬂowers later than
either the cry1 or cry2 single mutant under LD or cBL conditions
(106). The gain-of-function alleles, which harbor L407F or
G389R on CRY1, exhibited a photoperiod-independent early-
ﬂowering phenotype (137,138). These observations suggest that
CRY1 plays a role in promoting ﬂowering, but the contribution
of CRY1 to the photoperiodic control of ﬂowering time appears
to be marginal because the effect of the cry1 mutation on the pho-
toperiodic control of ﬂowering could be observed only in certain
environmental or genetic conditions. This ﬁnding strikingly con-
trasts the regulation of the de-etiolation process, in which CRY1
exerts a stronger effect than CRY2. Therefore, CRY1 and CRY2
play partly overlapping roles in the regulation of de-etiolation and
photoperiodic ﬂowering, but CRY1 and CRY2 predominantly
regulate de-etiolation and photoperiodic ﬂowering, respectively.
In Arabidopsis, CRY-mediated photoperiodic ﬂowering is reg-
ulated by at least three pathways attributed to the transcriptional
regulation of the FT gene (62). The ﬁrst pathway mediates the
circadian regulation of CO gene expression, which results in a
CO mRNA abundance peak at dusk under LD conditions. CRY1
and CRY2 likely regulate the entrainment of the circadian clock
by regulating COP1-ELF3-mediated GI protein degradation
(139). Second, CRY1 and CRY2 regulate the activity of the
COP1/SPA complex to stabilize the CO protein under blue light
(80,140,141). The peak in CO mRNA abundance and the stabi-
lization of CO protein coincide only under LD conditions and
not SD conditions, which results in a CO mRNA abundance
peak in the dark (142,143). Therefore, CO protein is stabilized
and induces FT expression and subsequent ﬂowering only under
LD conditions. The third pathway consists of the CIB-dependent
promotion of FT transcription (62). Although this pathway is
mechanistically independent of the COP1/SPA pathway, CIB1
activity genetically depends on the function of CO (144). How-
ever, how the CIB pathway functionally interacts with CO to
regulate ﬂoral initiation is presently unclear.
Moreover, whether the PIF pathway is involved in CRY-
mediated ﬂoral initiation is unknown. Neither pif single mutants
nor the pifQ mutant showed an abnormal ﬂowering phenotype,
at least at normal temperatures (93). On the other hand, a recent
genomewide association study implicated PIF4 in the regulation
of ﬂowering time (145). In addition, plants that overexpress PIF4
or PIF5 showed early-ﬂowering phenotypes under LD conditions
(146,147). These data imply higher-order functional redundancy
among PIFs in the regulation of ﬂowering. Nevertheless, whether
the observed PIF-related ﬂowering phenotypes were caused by
CRY-PIF or phyB-PIF binding needs to be carefully investigated
because the role of CRY2 in the control of photoperiodic ﬂower-
ing strongly depends on phyB function (106).
Blue Light Regulates Stomatal Opening and Development
Stomata regulate gas exchange between the plant and atmosphere
to optimize carbon dioxide uptake and the release of oxygen and
water vapor in response to environmental and endogenous sig-
nals. Very low-ﬂuence blue light, but not red light, is well
known to trigger stomata opening (22), suggesting the involve-
ment of blue light photoreceptors in the regulation of stomata
opening. Accordingly, phototropins (phot1 and phot2 in Ara-
bidopsis) have been identiﬁed as blue light photoreceptors that
predominantly promote blue light-mediated stomata opening
(148). Moreover, the cry1cry2 mutant showed reduced sensitivity
to blue light in terms of stomata opening compared to the wild
type (113). Nevertheless, the effect of CRYs is much smaller
than that of phototropins and appears only in response to blue
light intensities greater than 5 lmol/m2 s, indicating that CRYs
are also involved in the regulation of stomata opening at higher
blue light intensities. Notably, CRY-deﬁcient and CRY1-overex-
pressing plants exhibited enhanced drought tolerance and greater
water loss, respectively, largely due to the role of CRYs in the
regulation of stomata opening (113).
CRYs and phototropins exert an additive effect on the regula-
tion of stomata opening, suggesting that CRYs and phototropins
act independently (113). However, signals from CRYs and pho-
totropins seem to converge on COP1 (113), which negatively
regulates stomata opening. The spa1spa2spa3 triple mutant
exhibited constitutively opened stomata (115), implying that
CRYs regulate COP1 activity via a blue light-dependent CRY-
SPA interaction to promote stomata opening. Interestingly, con-
stitutive expression of FT in guard cells promotes stomata open-
ing, even in red light (149,150). Conversely, mutations in FT
reduce blue light-induced stomata opening. In addition, FT
expression in epidermal cells was reduced in the cry1cry2 mutant
(149). Therefore, CRY-mediated stomata opening is induced, at
least in part, by the expression of FT, as observed for CRY-
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mediated ﬂoral initiation. Stomata opening was reduced in the co
mutant, and constitutive CO expression in guard cells resulted in
constitutive FT expression and stomata opening (149). Further-
more, CRY1 and CRY2 induce blue light-mediated CO protein
stabilization in guard cells (143). Therefore, the photoactivated
CRY-induced accumulation of CO is likely mediated by the
inactivation of the COP1-SPA complex and appears to regulate
FT expression to promote stomata opening. However, whether
the CIB pathway is involved in the CRY-regulated expression of
FT in epidermal cells is presently unclear. In contrast, except for
the observed physical interaction between phot2 and COP1
(151), the mechanistic basis for the regulation of COP1 activity
by phototropins has not been demonstrated. Although the overex-
pression of FT in the guard cells of the phot1phot2 double
mutant constitutively opened stomata (150), the expression of FT
in the phot1phot2 double mutant was indistinguishable from that
of the wild type (149), suggesting that different mechanisms are
responsible for phototropin-mediated stomata opening.
In addition to regulating stomata opening, blue light also pro-
motes stomata development. The cry1cry2 double-mutant seed-
lings exhibit fewer stomata in blue light but not in red light
(114). In addition, the overexpression of CRY1 increased the
number of stomata, indicating that CRYs promote blue light-
mediated stomata formation in cotyledons. Similar to other
CRY-mediated responses, CRY-induced stomata formation is
negatively regulated by COP1. A genetic analysis revealed that
COP1 acts in parallel with the auxin pathway and the receptor-
like protein TMM upstream of YDA, a mitogen-activated protein
kinase kinase kinase, to regulate the three essential factors
SPCH, MUTE and FAMA, which act sequentially to regulate
asymmetric cell division and stomatal development. However,
the mechanism by which COP1 regulates the activity of YDA is
unknown.
As for all other CRY-mediated responses except for LBL-
induced shade avoidance and the inhibition of warm tempera-
ture-induced cell elongation, little information is available on the
possible involvement of PIFs in CRY-mediated stomata opening
or stomatal development. The pif3pif4 double mutant exhibits
enhanced stomata opening under white light compared to wild
type (115). However, the possibility that phyB regulates the
observed difference between pif3pif4 and the wild type by bind-
ing to PIF3/4 under this condition cannot be excluded because
phyB affects stomata opening, albeit weakly (115). PIF4 has
been shown to function in phyB-induced stomatal development
in mature leaves (152). Speciﬁcally, the mature leaves of the
phyB mutant and the pif4 mutant exhibit fewer stomata than
those of the wild type under high-ﬂuence white light. Under this
condition, the pif4phyB double mutant is indistinguishable from
the phyB mutant, which has signiﬁcantly fewer stomata than the
pif4 mutant (152), indicating that the promotion of stomata
development by PIF4 in mature leaves largely depends on phyB
under white light. Thus, the contribution of PIF to CRY-
mediated stomatal development is marginal.
LBL-induced Shade Avoidance Response
De-etiolated plants often face unfavorable light conditions, which
reinforce the threat to the plant’s survival on the surface of the
soil. For example, plants exhibit only limited photosynthetic pro-
ductivity under a dense canopy. Therefore, plants have evolved a
strategy to avoid shade from neighboring plants, which is termed
the SAR (153). Speciﬁcally, the plant competitively elongates its
hypocotyl, stem and petiole in response to shade to expose its
photosynthetic organs to favorable light conditions. SAR is
induced not only by the simple reduction of light intensity but
also by changes in light quality. Because chlorophyll preferen-
tially absorbs blue and red light but transmits green and far-red
light, the blue/green and red/far-red light ratios are reduced in
the shade. The mechanism by which plants monitor the red/far-
red ratio has been extensively studied. Speciﬁcally, phyB plays a
predominant role in sensing the red/far-red ratio via the charac-
teristic photochemical properties of a phytochrome. Phy-
tochromes display photoreversibility between the red light-
absorbing Pr form and the far-red-absorbing Pfr form. Red light
transforms the Pr form to the Pfr form to activate the phy-
tochrome, which inhibits cell growth in the hypocotyl, stem and
petiole. Conversely, far-red light reverses the Pfr form back to
the Pr form to inactivate the phytochrome. Therefore, phyB mod-
ulates the photoequiliblium between Pr and Pfr to control cell
elongation based on the red/far-red ratio under ambient light con-
ditions. Speciﬁcally, a low red/far-red ratio reduces the interac-
tion between phyB and PIF7 (154). The reduced interaction
results in the dephosphorylation of PIF7, which prompts the
binding of PIF7 to the E-box sequences on the promoters of
YUCCA genes, which are key auxin biosynthesis genes, to trig-
ger their expression. As a consequence, auxin biosynthesis is
enhanced to promote cell elongation (155). PIF4 and PIF5 are
also involved in the low red/far-red-induced SAR via the control
of their stability by phyB (90), but their effects appear to be lim-
ited compared to PIF7 (154).
As observed for the low red/far-red-induced SAR, blue light
attenuation also induces the elongation of the hypocotyl, stem
and petiole. The cry1 mutant exhibited a constitutive LBL-
induced SAR in adult plants, whereas the cry2 mutant remained
responsive to LBL (156), indicating that CRY1 is the primary
photoreceptor controlling the LBL-induced SAR in adult plants.
Conversely, both cry1 and cry2 mutant seedlings respond to
LBL in the regulation of hypocotyl elongation, but the respon-
siveness to LBL is signiﬁcantly reduced in cry1cry2 double-
mutant seedlings, suggesting that both CRY1 and CRY2 regulate
the effect of LBL-induced SAR on hypocotyl elongation.
The CRY-PIF pathway is involved in the CRY-mediated
SAR. Speciﬁcally, a dramatic reduction in LBL-induced cell
elongation was observed in the pif4 and pif5 mutants (156), and
a genetic analysis revealed that PIF4 and PIF5 act downstream
of CRY1 to regulate the LBL-induced SAR. Both CRY1 and
CRY2 have been shown to bind to PIF4 and PIF5 (63,64), and
both PIF5 protein and CRY2 are stabilized in response to LBL,
whereas the levels of PIF4 and CRY1 do not depend on LBL
(64). In addition, chromatin immunoprecipitation (ChIP)-sequen-
cing and RNA-sequencing analyses showed that the co-localiza-
tion of CRY2 and PIF4/5 at PIF4/5-regulated gene promoters to
control their gene expression. Compared to the wild type, cry
mutants exhibited an enhanced response to LBL, suggesting that
CRYs suppress the SAR. Therefore, the accumulation of CRY2
under LBL conditions may negatively regulate the activity of
PIF4/5 and thereby prevent excessive elongation (157).
Loss of PIF7 function diminishes the LBL-induced SAR, but
the effect of PIF7 is much smaller than that of PIF4/5 because
the pif7 mutant remains responsive to LBL, suggesting that
PIF4/5 rather than PIF7 predominantly regulates the LBL-
induced SAR. This ﬁnding strikingly contrasts the low red/far-
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red-induced SAR, for which PIF7 exerts the predominant effect
(154). In addition, the LBL-induced SAR and low red/far-red-
induced SAR partially differ in their transcriptomic proﬁles. LBL
mainly regulates the expression of genes involved in cell wall
modiﬁcation, whereas low red/far-red light controls the transcrip-
tion of auxin pathway-related genes. Therefore, despite their sim-
ilar morphological output, the LBL-induced SAR and low red/
far-red light-induced SAR are operated, at least in part, by two
independent mechanisms (64,156,158).
phyB has also been shown to regulate the LBL-induced SAR.
Plants overexpressing phyB did not elongate their hypocotyls in
response to LBL, indicating that excess phyB suppresses the
LBL-induced SAR (64). Indeed, phyB binds to PIF4/5 under
LBL conditions. Conversely, the expression of mutant PIF4 or
PIF5, which has mutation on APB motif and does not bind to
phyB, did not fully rescue the pif4 or pif5 mutant phenotype
under LBL conditions. This observation was interpreted as fol-
lows: phyB binds to PIF4/5 via the APB motif to activate PIF4/5
and promote hypocotyl elongation under LBL conditions, which
strikingly contrasts the phyB-imposed suppression of PIF activity
under red light (83). Notably, CRYs recognize the exterior APB
motif of PIF4/5 (Fig. 1b), suggesting that a CRY-PIF4/5-phyB
complex may regulate the SAR. In this complex, CRY-PIF4/5
binding may reverse the function of phyB in the regulation of
PIF4/5 and vice versa. Therefore, further studies of this apparent
disparity in the phyB regulation of PIF4/5 activity might provide
insight into the molecular basis of the cross talk between LBL
and low red/far-red light signals during the SAR.
Moreover, the COP1/SPA complex has been shown to posi-
tively regulate the SAR (159). Shade condition with the attenua-
tion of both of blue light and the red/far-red ratio was recently
shown to decrease the stability of the HFR1 protein (160). How-
ever, it increased the abundance of the HY5 protein, which likely
antagonizes the function of PIFs to avoid excess elongation. In
addition, shade-induced HFR1 protein degradation depends on
COP1. Speciﬁcally, a genetic analysis revealed that the dimin-
ished SAR in the cop1 mutant largely depends on the effect of
HFR1, and the enhanced SAR in the hfr1 mutant was impaired
in a pif4pif5 mutant background. Given the formation of non-
functional heterodimers between HFR1 and PIF4 or PIF5
(98,99), the COP1/SPA complex likely degrades HFR1 to abol-
ish the HFR1-mediated repression of PIF4/5 function and to
elongate the hypocotyl in the shade (160). However, how COP1
differentially recognizes HY5 and HFR1 under this condition
and the extent to which the CRY-COP1/SPA interaction impacts
this COP1-mediated regulation of HFR1 are currently unknown.
Blue Light Inhibition of Warm Temperature-induced
Hypocotyl Elongation
Temperature is another important environmental cue that affects
plant growth and development. Warm temperatures that do not
cause heat shock accelerate plant growth, including hypocotyl
elongation, petiole elongation and leaf expansion. Light signals
are closely related to temperature signals. For example, the plant
response to red light depends on the temperature signal. Whereas
red light inhibits hypocotyl elongation in Arabidopsis at low
temperatures (16°C) and normal temperatures (21–23°C), which
favor Arabidopsis growth, it promotes hypocotyl elongation at
27°C (161). The effect of blue light on hypocotyl growth differs
from that of red light. In the dark, wild-type Arabidopsis exhibits
an elongated hypocotyl at 28°C compared to 22°C. This warm
temperature-induced hypocotyl growth is inhibited by blue light.
However, the cry1 mutant exhibits exacerbated warm tempera-
ture-induced hypocotyl elongation under blue light (63), suggest-
ing that blue light inhibits warm temperature-mediated hypocotyl
growth by activating CRY1.
The CRY-PIF pathway plays important roles in the CRY1-
mediated inhibition of warm temperature-induced hypocotyl
elongation. Warm temperature-induced hypocotyl elongation in
the cry1 mutant under blue light is partially and signiﬁcantly
repressed in the pif4 and pifQ mutants (63), suggesting that PIF4
and other PIFs act downstream of CRY1 to promote warm tem-
perature-induced hypocotyl growth. Consistently, CRY1 binds to
PIF4 and other PIFs, including PIF3 and PIF5, under light condi-
tions (63). A gene expression analysis and ChIP-PCR revealed
that CRY1 represses warm temperature-induced auxin biosynthe-
sis by downregulating YUCCA gene expression via the inactiva-
tion of PIF4, which binds to the YUCCA gene promoter (63).
In addition to PIFs, COP1 plays important roles in regulating
the ambient warm temperature response because the cop1 mutant
is partially insensitive to elevated temperatures, even in the dark
(63). The loss-of-function mutant of HFR1, whose protein is tar-
geted by COP1 for degradation in the dark, exhibits longer hypo-
cotyls than the wild type under LD conditions at 28°C but not
22°C. HFR1 binds to PIF4 in the nucleus and inhibits PIF4 to
activate the YUCCA8 promoter. These observations suggest that
CRY1-COP1 binding regulates PIF4 activity via HFR1. Addi-
tionally, COP1 likely regulates the transcription of PIF4 proba-
bly via HY5. Therefore, the COP1-mediated ambient temperature
response is at least partially mediated by the indirect regulation
of PIF4 activity (63). However, whether COP1 also regulates the
ambient temperature response independently of PIF4 is an impor-
tant topic of future research.
CRY-regulated Responses in Other Plants
CRY-mediated physiological responses have been analyzed
mostly in Arabidopsis, but they have also been investigated in
many other major land plants, not including gymnosperms (10).
Not only primitive land plants, such as moss and fern, but also
monocot and even dicot plants exhibit CRY-mediated physiolog-
ical responses that have not been observed in Arabidopsis. These
physiological responses are brieﬂy described here.
In Physcomitrella patens, a moss, PpCRY1a and PpCRY1b
redundantly regulate several developmental processes under blue
light, including the induction of side branching in protonema and
gametophore growth and differentiation (162). In Adiantum
capillus-veneris, a fern, ﬁve CRY genes have been identiﬁed to
date. Of the corresponding gene products, AcCRY3 and
AcCRY4 localize in the nucleus during the gametophyte phase
(163). Earlier studies with the microbeam irradiation showed that
the blue light photoreceptors involved in the spore germination
processes are localized in or close to the nucleus (164,165).
Thus, the function of AcCRY3 and AcCRY4 is implicated in the
regulation of spore germination (163).
In monocots, the functions of CRY genes from rice and barley
have been analyzed. The rice genome encodes three CRY genes,
OsCRY1a, OsCRY1b and OsCRY2 (166). Of these genes,
OsCRY1a and OsCRY1b regulate the blue light-mediated growth
inhibition of coleoptiles and leaves (166,167). Moreover,
OsCRY2 promotes ﬂowering under both LD and SD conditions
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(166). In barley, HvCRY1a, HvCRY1b and HvCRY2 have been
identiﬁed (168), and HvCRY1a and HvCRY1b were found to
induce grain dormancy via the expression of 9-cis-epoxycarote-
noid dioxygenase, an abscisic acid biosynthesis gene (169).
Intriguingly, seed germination is predominantly induced by phyB
under blue light in Arabidopsis (170). Hence, the involvement of
HvCRY1a and HvCRY1b in the regulation of grain dormancy and
germination is a barley-speciﬁc response.
In dicots, the functions of CRY have been analyzed in several
species, such as rapeseed, tomato, pea and soybean. Generally
speaking, CRY genes regulate de-etiolation, stem elongation, leaf
expansion and photoperiodic ﬂowering in these species, as
observed in Arabidopsis. However, several minor differences
exist among the species. For example, GmCRY1a, but not
GmCRY2a, plays a predominant role in the regulation of pho-
toperiodic ﬂowering in soybean (171) because GmCRY1a
strongly promoted ﬂowering in Arabidopsis, and GmCRY1a, but
not GmCRY2a, exhibited photoperiod-dependent circadian rhyth-
mic protein expression. In addition, the photoperiod-dependent
expression of GmCRY1a was closely related to photoperiodic
ﬂowering and the latitudinal distribution of different soybean
accessions.
In addition, species-speciﬁc CRY-mediated responses, such as
CRY-mediated lycopene accumulation in tomato fruit, have also
been identiﬁed (172). The most prominently depicted CRY-
mediated physiological response in this category is GmCRY2a-
mediated leaf senescence in soybean (173). Speciﬁcally, the
overexpression of GmCRY2a in soybean delays leaf senescence,
whereas decreased GmCRY2a expression accelerates this
response, suggesting that GmCRY2a negatively regulates leaf
senescence in soybean. Conversely, CRYs have not been
reported to affect leaf senescence in Arabidopsis or other species.
Moreover, the overexpression of GmCIB1 also accelerates leaf
senescence. Although genetic evidence showing the interaction
between GmCRY2a and GmCIB1 is lacking, GmCRY2a binds to
GmCIB1 in a blue light-dependent manner. In addition, the tran-
sient expression of GmCRY2a and/or GmCIB1 in tobacco
together with an electrophoresis mobility shift assay revealed that
GmCRY2a-GmCIB1 binding suppresses the binding of GmCIB1
to DNA, thereby repressing the expression of GmWRKY53b,
whose Arabidopsis homolog, AtWRKY53, is known to promote
leaf senescence (174). These results suggest that GmCRY2a
represses the expression of GmWRKY53b to suppress leaf senes-
cence by sequestering GmCIB1 from the promoter sequence of
GmWRKY53b via blue light-dependent direct binding to
GmCIB1 (173). Nevertheless, the function of GmWRKY53b
needs to be conﬁrmed in soybean. Notably, CRY2-CIB binding
does not regulate leaf senescence in Arabidopsis. Furthermore,
GmCRY2a-GmCIB1 binding suppresses the activity of GmCIB1
in soybean (173), whereas CRY2-CIB1 binding promotes the
transcriptional activity of CIB1 to induce FT expression in Ara-
bidopsis (62). Thus, these results suggest that the role of CRY2-
CIBs binding depends on the surrounding environment in nature
during the evolution and/or domestication process of dicots.
As described above, CRYs are responsible for several blue
light responses in land plants other than Arabidopsis (10). How-
ever, except for the mechanisms contributing to GmCRY2a-
GmCIB1-regulated leaf senescence in soybean, the molecular
mechanisms underlying these responses have not been eluci-
dated. COP1-, SPA-, CIB- and PIF-like sequences have been
identiﬁed in all land plants whose genome sequences are known.
For example, a COP1-like sequence from Physcomitrella patens
can partially rescue the cop1 mutant phenotype in Arabidopsis
(175). A PIF-like sequence from Marchantia polymorpha, a liv-
erwort, acts in the phytochrome regulation of signal transduction
in M. polymorpha (176). These observations imply that COP1/
SPA, CIB and PIF may function, at least in part, in some CRY-
mediated physiological responses in land plants. Further investi-
gation of these factors in primitive plants might provide clues to
understand the evolution of CRY functions and adaptive mecha-
nisms to ambient light environments. In addition, the functional
analyses of CRYs and their signaling components in crops might
not only provide insight into the CRY signaling mechanism and
its ecological and evolutionary signiﬁcance but also contribute to
the improvement of important agronomic traits in crops, includ-
ing plant height, ﬂowering time, drought tolerance and leaf
senescence, and solutions to global warming.
CONCLUDING REMARKS
Since CRY1 was ﬁrst discovered in Arabidopsis in 1993 (1), the
mechanisms of how plants response to blue light irradiation have
been largely elucidated at the molecular level (12). CRYs exhibit
a diverse array of physiological functions throughout plant devel-
opment as shown by Arabidopsis mutants deﬁcient in CRY1
and/or CRY2 (10). Furthermore, a number of physiological func-
tions have been identiﬁed for CRYs in other land plants. These
observations clearly indicate the functional importance of CRYs
in plant adaptation to ambient environments and consequently in
the evolution of plants. In addition, CRYs have been found to
directly and indirectly regulate transcription factors in response
to blue light. Speciﬁcally, CRYs bind to the COP1/SPA complex
to regulate the abundance of transcription factors (11,76,77,80),
and they directly interact with two sets of bHLH transcription
factor family proteins, CIBs and PIFs (62–64). In addition, target
transcription factors of the COP1/SPA complex interact with
PIFs (96–99). These ﬁndings depict the complexity of the CRY
signaling relay, in which CRYs play important roles as conduc-
tors by orchestrating a complex transcription factor network to
regulate gene expression (Fig. 3). This complex CRY-regulated
network provides the molecular basis by which plants ﬁne-tune
Figure 3. CRYs directly and indirectly inﬂuence transcription factors,
which act redundantly, antagonistically or independently. Schematic sum-
mary of the network of examined (solid line) or possible (dashed line)
pathways downstream of the CRY signaling relay.
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their growth and development to respond to ﬂuctuating blue light
environments.
In a recent breakthrough, CRYs were found to not only bind
to the COP1/SPA complex and CIBs but also to PIFs to regulate
gene expression (63,64). This ﬁnding answered many questions
related to CRY signal transduction, but it also gave rise to a
number of new questions. The function of CRY-PIF binding has
only been reported for the LBL-induced SAR and the inhibition
of warm temperature-induced hypocotyl elongation (63,64).
However, considering the versatility of PIFs (83), CRY-PIF
binding can be expected to play many other roles in CRY-
mediated responses. The exact mechanism by which the direct
binding to bHLH transcription factors regulates the activity of
PIFs and CIBs should also be elucidated in the future. This bind-
ing is evolutionarily interesting because animal CRYs also bind
to bHLH transcription factors to constitute the circadian clock. In
addition, additional efforts are necessary to address how three
mechanistically independent pathways can converge to delineate
CRY signal transduction. Continued exploration to answer these
and other unresolved questions regarding CRY will undoubtedly
provide more invaluable insights into not only the CRY signal
transduction mechanism and plant photomorphogenesis but also
the evolution of CRY family proteins.
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